Flapping wing miniature aerial vehicles (FWMAVs) 
INTRODUCTION
Humanity has always been fascinated by the idea of creating machines that fly by flapping their wings the way birds do in nature. However, beyond this fascination, there are real benefits to creating such a platform on the small scale of miniature aerial vehicles (MAVs). Fixed wing MAVs are able to fly at high velocities and travel large distances quickly, but they have to fly at these higher speeds in order to maintain altitude. This makes them less maneuverable than a rotatory wing platform, like a helicopter or a quadrotor. Rotary wing MAVs such as these are very maneuverable and can even hover and travel vertically, providing a level of control fixed wing aircraft simply do not have. However, these platforms cannot travel at high forward velocities like fixed wing MAVs, are loud due to the high RPM of the motor, and are less energy efficient. Many fixed wing aircraft are also loud because of the high RPM of their propellers.
FWMAVs provide a balance between these two platforms because they are able to travel at higher velocities than the rotary platforms while being more maneuverable than the fixed wing MAVs. The low RPM of the motors driving the wings also limits the noise to flapping, which is much quieter than both other platforms.
There is a wide variety of applications for FWMAV platforms both in the public and private sectors. FWMAVs can be used for agricultural or environmental monitoring as a mobile scarecrow, fruit and crops examiner, or weather monitor; as well as a possible source of recon for soldiers in the battlefield. FWMAVs can even look like natural creatures from a distance and thus blend into the environment, so they are ideal for recon as the enemy soldiers would be unaware that what they are seeing are robots and not real creatures.
There are many insect and bat inspired platforms of note. Harvard's RoboBees [1] [2] are tiny milligram scale insect robots that fly using tiny piezoelectric motors and independently controlled micromolded polymer wings. The MicroBat [3] is a palm sized FWMAV that came out of the 1997 DARPA Micro Air Vehicle program and uses a single motor to drive both wings. Another example is the BATMAV [4] , a bat inspired FWMAV with foldable wings. Festo's BionicOpter [5] takes inspiration from a dragonfly and can fly in all directions, hover, glide, and adjust the flapping amplitude of each wing.
The Delfly FWMAVs [6] [7] make up a series of FWMAVs also inspired by dragonflies that come from the Delft University of Technology. Unlike the BionicOpter, which flies like a normal dragonfly in a horizontal orientation, the Delfly models point almost vertical when they fly; they are oriented at a very high angle of attack. The Delfly series models get smaller with newer models, going from the Delfly I to the Delfly Micro. The Delfly I has a 50 centimeter wingspan, a mass of 21 grams, and can almost hover in addition to regular flight while carrying an onboard camera. The Delfly II has a wingspan of 28 centimeters, a mass of 16 grams, and has the ability to hover and even fly backward. Its maximum flight time is 15 minutes. The Delfly Micro, the smallest of the series, weighs only 3.07 grams, has a wingspan of 10 cm, and can fly for up to 3 minutes with a camera onboard. It is the smallest flying ornithopter in the world with an onboard camera.
Prominent avian inspired FWMAV platforms include the Nano Hummingbird from Aerovironment; Festo's SmartBird; some platforms from the University of Delaware, and the Small Bird, Big Bird, Jumbo Bird and Robo Raven from the University of Maryland. The Nano Hummingbird [2, [8] [9] was the result of Aerovironment's involvement in the 2005 DARPA Nano Air Vehicle program. It is able to hover with precision and dart around quickly (up to 11 mph) while staying quite stable. Its wings are driven by a single motor and it looks a great deal like a real hummingbird. It is able to hover even in wind gust speeds up to 2 meters per second without drifting more than a meter, can fly outdoors and indoors, pass through doorways, and fly for 8 minutes on the onboard battery. It also has a camera on board that the pilot can use as vision to fly the craft.
Festo's SmartBird [10] is a herring gull shaped FWMAV with both wings driven by one large motor. The wings actively twist and fold as they flap just like real birds in order to maintain the desired angle of attack at each point on the wing to maximize lift [11] . Real birds do this passively, as their wings are more deformable. Festo's SmartBird actively controls this motion. The SmartBird's wings also fold on the upstroke, making a smaller cross sectional area that moves vertically through the wind, thereby maximizing lift production. Similar to the Nano Hummingbird, this model also looks very much like the herring gull it was designed after. Like the Nano Hummingbird, Festo's SmartBird is driven off of one motor, so it does not have individual wing control. This limits the level to which the model can be controlled and the types of maneuvering it can do.
Similar to the other avian inspired platforms and most of the others, the Small Bird [12] [13] , Big Bird [14] , and Jumbo Bird [15] [16] [17] [14] . This helped increased the payload capacity for that model. The university's latest FWMAV, Robo Raven (see Figure  1) , has complete and programmable control over each wing's position by using the latest high power servos on the market and an Arduino microcontroller to issue commands [18] [19] . It is a much larger platform, with a wingspan of 1 meter and a mass of 290 grams. It is capable of flying outside in winds up to 10 mph, and its programmable individual wing control enables it to perform aerobatic maneuvers including dives, backflips, and tight turns, previously very difficult to do in a repeatable manner with other FWMAVs. Robo Raven III is identical to Robo Raven except for the wings, which have integrated solar cells. These solar cells are used to charge the battery the FWMAV uses to fly [20] .
There are many off-the-shelf FWMAV hobby toys as well, including the RC Flying Bird [21] from the Sharper Image, the Classic Ornithopter [22] from Think Geek, and the Tim Bird [23] from Schylling. Each of these has one motor that drives both wings as well.
The focus of this paper is on our recent work on adding autonomous flight capability to Robo Raven platform. We demonstrate a control algorithm for autonomous loitering to conduct surveillance, and here we provide a high level overview of work in the area of autonomous miniature aerial vehicles (MAVs) to give further context for this work. There has been considerable progress in achieving autonomous flight with fixed and rotary wing MAVs. Examples of these include model helicopters, fixed wing model airplanes, and quadrotors, all available at local malls and hobby stores. Off the shelf autopilot controllers are fairly simple to integrate into these systems, as long as they are able to carry the extra weight. Prime examples of these autopilots are those in the ArduPilot series. There are many professional MAVs used by the military with full autonomy built in, including the fixed wing Wasp AE, RQ-11B Raven, RQ-20A Puma, and the Shrike VTOL quadrotor, all made by Aerovironment [24] . The University of Illinois Urbana-Champaign created a small fixed wing MAV that is capable of landing on the human hand [25] . However, humans catching the MAV may have to move their hands significantly to make sure the craft actually lands on it. Though there are many autonomous MAVs, there is currently only one autonomous FWMAV that is capable of sustained flight: the Delfly Explorer [26] . The Explorer is the latest in the Delfly series and is the first autonomous FWMAV in the world. It is a 20 gram platform that runs on one motor and has an onboard gyroscope, barometer, and stereo vision camera. The airframe and motor were redesigned from the Delfly II to reduce weight for increased payload to allow the vehicle to carry the additional sensors. The stereo vision camera is used to detect obstacles in its path, which the FWMAV then avoids [27] . It is not able to navigate to a specific given location yet, only fly around indoors and avoid obstacles. There is no ability to detect exactly where it is in space due to weight restrictions.
One major reason why autonomy has not been implemented much in FWMAVs is because of limited payload capacity. Having an autopilot onboard generally adds a large amount of extra weight, and payload capacity is very tight. Robo Raven has an advantage here because of its large 40 gram payload capacity, which is enough to place a basic autopilot system on board with an accelerometer, gyroscope, compass, and GPS module. Robo Raven provides the first opportunity to build a FWMAV that does automatic path planning and trajectory adjustment using onboard sensors and flies outside, even in some wind, all with individual wing control.
In this paper, we present Robo Raven IV, a FWMAV with an integrated ArduPilot Mega 2.5 autopilot system and an algorithm for autonomous loitering that is capable of stabilizing the FWMAV in flight and keeps it loitering within a specified radius of a user specified point using a custom PID controller to stabilize itself. It detects if it is outside the given radius and proceeds to automatically redirect itself back to the center point. Details of the control algorithm utilizing the GPS and tail actuation for loitering are discussed. Simulations of this algorithm with and without characterized GPS acquisition error and tail actuation response error are developed, and the platform is flight tested.
OVERVIEW OF ROBO RAVEN IV CONTROL ARCHITECTURE
Robo Raven IV builds directly off the original Robo Raven platform, so we provide an overview of the Robo Raven platform [18] while bringing attention to the changes implemented in Robo Raven IV. The goal of the original Robo Raven platform was to create a FWMAV with independent wing control in order to perform complex aerobatic maneuvers during flight. This was challenging because having two main drive motors (one for each wing) significantly increased the weight of the platform. To deal with this issue, every piece of the bird was designed or selected with the requirement that it be the lowest weight possible while still providing the needed functionality. In addition to being lightweight, the FWMAV also needed to be crash resistant and allow for an adjustable center of mass for flight testing. Finally, instantaneous wing position control was a critical requirement to perform the aerobatics we wanted to do. We also took inspiration from the Common Raven, using its properties as a starting point and point of comparison for our final product. These properties are shown below in Table 1 . We used these requirements to come up with the function block diagram shown below in Figure 2 . A Spektrum RC remote was used to send user inputs to an onboard RC receiver, the outputs of which were connected directly to an Arduino Nano microcontroller. The Arduino processes these inputs and controls the flapping profile and triggering and duration of aerobatic maneuvers by directly sending signal outputs to the servos that drive the wings (Futaba S9352HV servos). Using a microcontroller in this fashion allows us program each wing's position directly and enable synchronous flapping, asynchronous flapping, or holding the wings at specified angles for any desired amount of time. The tail is mounted on a small Futaba S3114 servo to provide turning control. It functions as a ruddervator, maintaining the required angle of attack for flight and rotating to generate yaw and roll torques to turn the FWMAV. The tail mount has been changed from the original Robo Raven platform to allow for further travel to enable tighter turns. It is also controlled via the microcontroller instead of directly with the remote via the receiver. This is necessary for auto-stabilization which is required for autonomous loitering.
The ArduPilot Mega 2.5 is the smaller and more compact model in the ArduPilot series. Previous versions have many more I/O pins and have the option of attaching a GPS shield directly to the board without a cable along with other wireless communication, but for our application where weight is critical, we went with the smaller board. In addition to the I/O pins, it has many other ports for different modules.
We used existing open source libraries to grab the GPS longitude and latitude data, roll data, compass heading, and RC input data and wrote a program in C++ that exercises control over flapping frequency and tail position. We then did a test flight to make sure everything was working properly. We incorporated PID control for autonomous stabilization using the tail as the actuator, and tuned the gains for a fast response. Finally, we created a software toggle switch that would turn on/off the autonomous mode when the right joystick on the RC remote is moved up vertically to full range. This allows the pilot to take over at any point during flight, which is critical for testing purposes.
OVERVIEW OF ROBO RAVEN IV HARDWARE
The Robo Raven frame was constructed from Delrin® (a high strength lightweight acetal resin homopolymer) using a laser cutter to cut out individual 2D parts which were then snapped together to create a 3D frame. Carbon fiber tubes and rods are used to form the main structure of the bird and fit together with the constructed laser cut parts.
Torque lock pieces are used to keep the wing and tail servos from torqueing off axis and causing premature servo failure. The full tail assembly is shown in Figure 3 . Figures 4  and 5 show the main drive assembly for the wings. The servos drive the wings directly through custom Delrin® servo horns that fit over the manufacturer's aluminum ones and have 1/8 inch holes in the ends for the front spars of the wings to slide into for a tight fit.
We chose the ArduPilot Mega 2.5 autopilot system because there are existing open source libraries for it that can be used to access data from sensors that are connected to the system. It also provided the processing power necessary to monitor and process incoming GPS, IMU, and RC sensor signals while also controlling the flapping routines and tail control. The board has a built-in accelerometer, gyroscope, and compass. Changing from the Arduino Nano to the ArduPilot with integrated sensors added an additional 24 grams to the mass of the FWMAV, but the 40 gram payload is able to carry the extra weight and still fly. The 7.4 V 370 mAh 15C LiPo battery was selected because of its high discharge rate and lightweight and was necessary for this platform to accommodate the large current spikes that occur whenever the wings change direction. Foam is used for crash protection and is placed on the front and bottom of the main drive servo housing (see Figure 4) .
The parts used in the construction of Robo Raven IV (both electronic and non-electronic) are summarized in Table  2 below. The total weight of the platform is 312.3 grams.
The wings were built using Mylar and carbon fiber tubes and rods, again to minimize weight, according to the schematic in Figure 6 . Use of these deformable materials allows the wings to deform passively into an airfoil shape in response to loading. This provides a significant portion of the lift force the FWMAV generates. Figure 5 -3D CAD of main drive assembly (exploded view) [18] Many different combinations of tube thicknesses, tube placement, and wing size were examined quantitatively using a custom built test stand with a 6 DOF load cell oriented at a 20 degree angle of attack (see Figure 7) to determine the best combination of parameters [18] . Each combination was also evaluated qualitatively using high speed footage. This footage is key because it allows us to evaluate the wing shape as the wings deform in response to loading, creating an airfoil shape which provides most of the lift. If this airfoil is not the right shape it will severely affect the flight performance of the bird. The best combination of parameters is displayed in Table 3 , and the final constructed wing design is shown in Figure 8 . Rubber bands connected to the wings and looped around specific carbon fiber tubes in the frame are used to maintain proper tension in the wings (see Figures 4 and 8) .
Figure 6 -Basic wing schematic [18] . are the tube thicknesses Figure 7 -Custom built test stand with 6 DOF load cell for obtaining lift and thrust measurements in a wind tunnel [18] A set of this final wing design produced the most lift and thrust at 242.9 grams of lift and 119.6 grams of thrust on average during wind tunnel testing. However, this number will be greater in flight because the wind tunnel cannot create wind speeds equal to the flight speed of the bird, and the relationship between the flight velocity and lift force is a squared one, so the increase is enough to allow the FWMAV to fly.
Robo Raven IV's flight performance characteristics including flight speed, payload capacity, and climb rate are summarized in Table 4 . Table 5 compares the final design to the Common Raven, and the fully assembled FWMAV can be seen in Figure 9 . The turning radius of Robo Raven IV is greater than the 6.1 meters of the original Robo Raven [18] because the value reported for the original Robo Raven was for a buttonhook turn aerobatic maneuver. The mentioned turning radius of Robo Raven IV's is recorded in normal flight. This version also has flapping frequency control options of 1, 2, 3, or 4 Hz.
Robo Raven IV is very close to the Common Raven in overall size and is roughly 30-50% slower. Its mass is much smaller due to weight restrictions, but as new servo
Foam crash protection
Rubber bands technology is developed and improvements are made on this design, this difference will decrease. Figure 9 -Fully Assembled Robo Raven [18] The final assembled version shown in Figure 9 is able to climb, steer, dive, do buttonhook turns, and even backflip at the pilot's command. This is the platform on which we implement the autonomous loitering algorithm which we cover in the next section.
LOITERING CONTROL ALGORITHM
As mentioned earlier, the goal of this work was to create a FWMAV that autonomously remains within a certain distance from a given center point. This is what we mean by loitering. See Figure 10 for a topographical view of the scenario. To make this work, we process the GPS position data (converted from longitude and latitude to north and east coordinates with a corresponding , treating the center point as the origin), compass heading ( ), and roll data from the ArduPilot (see figure 10 ). We are not concerned with pitch correction because the center of mass can be adjusted on the MAV to allow level or a slow-climb flight, and the tail movement affects both roll and yaw because of its orientation. We combine this sensor data with a PID control loop for tail position. Given the current heading and current (Figure 10 ), Robo Raven IV checks to if it is heading straight to the center point or if it needs to adjust its course to the right or left. A 5° error is allowed to reduce jitter in the tail. Figure 11 shows a block diagram of how the loitering algorithm works. After initializing the sensors, the loop begins checking for whether or not the autonomy switch is turned on. If it is not, then manual control is enabled by default. If it is, then it checks to see if it is already heading to the center point. If it is not and the distance to the center point is not greater than the user specified maximum, the system continues to go straight and goes through the loop again. If it is not and the distance is greater than the maximum allowed, it makes the condition true that vehicle must head to the center point and begins adjusting the tail position to reorient the FWMAV in that direction. If the vehicle is already heading to the center point, it checks to see if the vehicle is within a minimum range that qualifies as reaching the point. If it is, then it sets the condition that it is heading to a point to be false and runs through the loop again. If it is not, then it checks the heading to see if it is off by more than ±5 °. If it is, then the PID loop responds to stabilize the FWMAV about the new desired orientation by actuating the tail to the right or left to induce a turn. If it is not, the FWMAV continues flying straight. The PID control value is given by
where , , and are the gains and is the error on the ℎ iteration through the loop, and ∆ is the change in time. The gains were selected to be = 10, = 1, = 1 to make a quick tail response while still reducing overshoot and steady state error. The control value also worked well adding it straight to the neutral tail position in its current form, so that the tail control becomes:
Tail Position = NEUTRAL_TAIL + For this work, the maximum allowable distance from the center point was set to be 50 meters.
This algorithm was simulated in MATLAB with and without characterized location error introduced. The GPS tracking position accuracy was characterized through travel in a rectangular pattern. The results of this characterization can be seen in Figure 12 . The average standard deviation of each edge of the rectangle was found to be = 1.01 meters. Because of this, we edit our condition of reaching the center point to be entering a circle of a 3 meter radius centered around the goal point. The tail actuator will also introduce error because it does not reach the commanded position immediately; the servo itself has an internal PID controller that governs its response. Since the servo does not have an easily accessible potentiometer to measure position, we used a high speed camera at 300 FPS to capture the tail angle frame by frame for the first 400 milliseconds. The results are graphed below in Figure 13 for the tail response when the ArduPilot is oriented at a roll of −30°. The time to reach the desired state is approximately 150 milliseconds. Figure 14 shows the MATLAB simulation of the autonomous loitering algorithm for 3 passes, starting at 20 meters south and 13 meters east of the center point (total distance of 23.83 meters). To stay inside the 50 meter radius, Robo Raven IV initiates an 18 meter radius turn once it gets farther than 25 meters from the center point. This radius is selected to maintain altitude during loitering. Smaller turning radii cannot be achieved without losing some altitude. It is clear from this simulation that the algorithm performs as it should, going straight until it gets outside the 25 meters and then turning until it is aligned with the center point, at which point it continues on until it reaches it and begins the process over again. It is assumed that there is no wind interference in This simulation is repeated with the characterized GPS and tail errors introduced. Tail error is introduced by waiting 150 milliseconds after the command to move is issued before beginning turning, and the GPS error is included by adding random values between -and to the north and east positions that are used to determine the desired trajectory. This simulated behavior is shown Figure 15 and overlaid with data from Figure 14 from the starting point to just beyond the loitering point of the first pass. As expected, there is some deviation from the path due to the errors in the GPS data and the response of the tail actuator. Regardless, we expected from this that Robo Raven IV would be able to loiter successfully within in a user specified radius when wind is not taken into account.
Flight testing the Robo Raven IV platform was successful, with the FWMAV climbing over 100 feet in the air and navigating towards the center point location once outside the specified distance. Winds of 10 mph were present during testing and did affect the platforms performance, but only so much as to keep it from getting within the 3 m radius of goal location, so it kept circling about the center point. Figure 16 shows the GPS data log retrieved from the onboard flash memory. The GPS data log does not match the Matlab simulation due to wind, but still loitered successfully in the required area. 
CONCLUSIONS AND FUTURE WORK
In this paper, we demonstrate an autonomous loitering algorithm implemented in the upgraded FWMAV platform Robo Raven IV. It uses latitude and longitude from GPS, compass heading, and roll data along with a closed loop PID controller to actuate the tail and autonomously travel back to a user specified point. A switch is implemented to change between manual and automated control. Simulation of the algorithm in MATLAB with and without characterized GPS and tail actuator errors indicated Robo Raven IV's ability to This system has significant potential for growth. The independent wing control in the Robo Raven series gives the autopilot unprecedented potential control over the system. It is likely that this level of control will open up much more complex aerobatic maneuvers that will require an autopilot to succeed. The ArduPilot system also has ports for an Xbee, camera module, and other sensors. These will enable Robo Raven IV to communicate with people or other robotic birds, survey or inspect areas, and add or update waypoints in real time for path planning in the future. More in depth simulations will also be performed to more accurately simulate the flight path.
